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Measurement and Interpretation of the Isotopic Composition
of Hydrogen and Helium Cosmic Ray Nuclei Below 75 MeV/Nucleon

by
J. P. Meyer, Donald E. Hagge & Frank B. McDonald

NASA/Goddard Space Flight Center
Greenbelt, Maryland

ABSTRACT

The differential energy spectra of the hydrogen and helium isotopes
of the galactic cosmic radiation have been measured in 1965 and 1966 by
the highly eccentric satellites OGO I and IMP III. The energy ranges
were respectively 20 to 50 and 30 to 90 MeV/nucleon.

The measured ratio 'y = H2/He4 shows a very steep positive slope

(= Eﬁ%n) as a function of energy between 20 and 50 MeV/n. At 50 MeV/n,

Fd is roughly 0.25. These results are in qualitative agreement with the
measurements performed by the University of Chicago group on IMP III.
The measured ratio FHe = He3/He4 is roughly 0.05 at 60 MeV/nucleon, and
decreases at lower energies.

In order to understand the energy dependence of I'yje and especially
of 'y 'y is not affected by the solar modulation), we investigated the
creation of deuterium and He3 through fragmentation of cosmic ray and

4

interstellar He™ nuclei, and proton-proton reactions (assuming no

injection of these isotopes at the source).
We have used a Monte Carlo technique to propagate the cosmic ray

4

protons and He nuclei from the source to the earth. A critical survey

of the available cross section data has been made. The ionization loss,



the energy dependence of the cross sections, the reaction kinematics
have been taken into account. The elastic scattering, acceleration in

space and solar modulation have not.
We have systematically tried to fit the data with different source

spectra and propagation models. Qur present results completely rule

out a total energy, and favor kinetic energy source power spectrum.

We discuss the bearing of different non-local propagation models (open
model, closed model, injection at one time; different energy dependences

of the mean "vacuum pathlength") on I'y and The.




We report measurements of the hydrogen (Iy = d/Hl) and helium
(FHe = He3/He4) isotopic abundance ratios and the results of a propagation
calculation studying the bearing of different source and propagation

models on Fd and FHe'

A. Measurements of I'y_and Thet

The measurements of I'y and 'y, have been performed on board highly
eccentric-orbiting satellites IMP-III and 0GO-I respectively, while the
satellites were outside the earth's atmosphere and magnetosphere. Ty
has been measured continuously between June 1965 and September 1966 and

l'ge during 1965 at solar minimum.

The detector used was a dE/dx vs. E scintillator telescope, previously
described by Balasubrahmanyan et al. (1966). The energy ranges were 20
to 50 MeV/nucleon for deuterons and 30 to 90 MeV/nucleon for He3. The
data were analyzed by the mass-histogram technique. High nuclear inter-
action background and gain changes complicated the procedure and further

analyses may slightly change the values given here.

The resulting ratios 'y and 'y, are shown in figure 1, together with
measurements by others. Our I'jo values are identical to those of Hagge

et al. (1966).

It is seen that our measurement of ['; agrees roughly with the results

of Fan et al. and a very steep positive slope for I'y between 20 and 50

MeV/n seems established. The 'y, we find also has a positive slope
between 30 and 90 MeV/n but the values are significantly higher than

those found by Fan et al.



B. The Propagation Calculation:

1. Objective: Our objective was to study the implication of the
measured He3/He4 and especially d/He (which is not affected by solar
modulation) ratios on different source spectra and non-local propagation

models.

2. Assumptions and Features of the Calculation:

a, There is almost no d or He3 in stellar matter. We therefore

assume that the observed cosmic ray deuterons and He3 nuclei are produced
exclusively by nuclear reactions between cosmic ray nuclei and inter-

stellar matter.

b. The source spectra of protons and He4 nuc lei were assumed

identical within a factor 6 of the abundance ratio. The differential
spectra which we have tried were shaped as power laws with an exponent

-2.5 in total energy W, rigidity R, or kinetic energy E.

c¢. The assumed interstellar matter composition was 90% H' and

107 He® (in numbers).

d. The energy loss through ionization of both source and

secondary particles has been taken into account. The effect of the

elastic scattering has been neglected.

e. A possible gradual acceleration in space has not been taken

into account.




f. Nuclear Reactions (cross sections and kinematics)

3

Among the reactions leading to HZ, H3 and He
4

, those

involving proton and He” as interacting particles are dominant, as

3

shown by Biswas et al. (1967). ©Note that H” decays into He3 with a

3

12-year period; production of H” and He3 will therefore be treated

together. Therefore we have to consider:
. . 4 .
(1) the fragmentation of cosmic ray He nuclei on
interstellar protons (or Hel nuclei),

(2) the fragmentation of interstellar He# nuclei by
cosmic ray protons, and

(3) the interaction between cosmic ray protons and
interstellar protons.

This involves the study of proton-He4 and proton-proton

interactions. We have made a critical survey of the available data

on the cross-sections and kinematics of these reactions. Some

corrections and renormalizations have been applied to the existing data.
There is no space here for this study, which will be published elsewhere.

The resulting cross-section picture is summarized in figure 2.

. 3 .
The destruction of the created deuterons and He™ nuclei by
a second nuclear interaction has not been considered in the present

stage of the calculation.

g. Solar Modulation: The solar modulation has not been

included in the calculation. ©Note that, since d and He? nuclei have the




same charge-to-mass ratio, the ratio of their abundances will not be

affected by solar modulation. The He3/He4 ratio can be only decreased

by solar modulation.

h. Path-length: Let us first define the notion of "vacuum
path-length" introduced by Cowsik et al. (1967). We will call "vacuum
path-length" the distance which a particle would have gone through
between the source and the solar system (including scattering), if no
matter had been present to eventually remove the particle from the
cosmic radiation through braking or nuclear interaction. The choice

of a vacuum path-length distribution defines a propagation model.

Clearly, the "actual path-length distribution'" i.e. the

distribution of the path-lengths passed through by the particles which

do actually reach the solar system, will be different from the vacuum

path-length distribution; it will be systematically shifted towards
shorter path-lengths, for the longer the vacuum path-length, the higher
the probability of a particle being removed by braking or nuclear
interaction. This distortion of the vacuum path-length distribution will

be highly charge and energy dependent at lower energies.

We have essentially considered 3 types of models:

(1) Steady state closed models:

In these models there exists some localization of the

source and the vacuum trajectories of the particles have not been

completely randomized by scattering. Then the particle that reaches




the solar system has kept some memory of the position of the source,

and an "average source distance'" can meaningfully be defined, as seen

from the earth. One further condition to be realized for this model to

work is a negligible leakage* from the system between the source and

the earth.

If these conditions are realized, a diffusion picture
arises and the vacuum path length distribution will be something like
a broad Gaussian., The kind of model has been worked out by Balasubrahmanyan
Boldt, and Palmeira (1965) in the case of a point source, using the
equations of the Brownian motion., They find a Gaussian-like distribution

with a standard deviation equal to /2 = 0.63 times the peak value.
5

(2) Steady state open models:

In these models, either there exists no localization

of the source (earth seen in a quasi-infinite homogenous source medium,

as for example supernovae scattered all over the galaxy), or there

exists a localization but either the leakage is dominant between the

ssource and the solar system, or the vacuum trajectories of the particles

have been completely randomized by the scattering. Anyway, the particle

* A particle is considered "leaking' when it gets into a zone from
which it has a negligible probability to reach the earth at any time
(for example outside the galaxy). In a steady state picture with
continuous production of cosmic rays the introduction of such a sink

is necessary. Let us note that the introduction of the braking of
particles provides a supplementary sink which, no doubt, will be domi-
nant at low energies; but to assume that ionization braking is the only
sink would lead at relativistic energies to huge path-lengths, propor-
tional to the energy. This is in direct contradiction with the mean
path-lengths observed.



that reaches the solar system has no memory of any source position,

and no "average source distance' can meaningfully be defined, as seen

from the earth,

Then, the leakage from the system will be the dominant
factor shaping the distribution of the vacuum path-lengths. Many models
can be imagined assuming different physical conditions for the leakage
from the galaxy. One possible simple assumption is that the probability
of leakage is equal on any path length element AS (physically, the
particle often reaches the border of the system, but has a low proba-
bility of escape at each time); this model leads to an exponential
distribution of the vacuum path-length. Such a model has been proposed

by Cowsik et al. (1967).

(3) '"Cosmic Ray Big Bang' Model:

If the cosmic ray flux observed today is the result of
one ancient event at some time t; ago, and the escape is negligible,
then the particles will have gone through vacuum path-lengths

1
S « | v (t) dt.
(o]

This kind of model has been described by Durgaprasad (1967) and is
suggested from recent data by Webber (1967) with Sy = 3 g/cm2 for

relativistic particles.

Whichever of the steady state models is considered another

parameter remains to be fixed: the energy dependence r~ the mean value




EV of the vacuum path-length distribution, whichever shape it has.
About its energy dependence, we know almost nothing. Any model would
assume precise physical conditions for scattering and leakage. It is
plausible that the mean vacuum path-length is a decreasing function of
the rigidity, since low rigidity particles are more easily trapped.

We have made our calculations with two extreme models:

(a) A very sharp rigidity R dependence of §V

(2]
Q
==

as in Cowsik et al. (1967); and
(b) §V independent of the rigidity.

i. The method used for the calculation was a Monte Carlo

technique.

3. Results:
a. Remarks:

Typically 30% of the deuterons observed below 200 MeV/n
are due to the interaction of cosmic ray protons with interstellar He®
and H'. Most of those above 80 MeV/nuc are due to the reaction:
pt+p- mt + d. The break up of interstellar He4 nuclei by cosmic ray

protons is unimportant for the formation of He3.

On the other hand, it must be kept in mind that low energy
secondaries observed at the earth have generally been created at medium

energies and slowed down later on.

9



b. Source Spectra:

We have limited our study to spectra with a unique power
law with an exponent -2.5 in total energy W, rigidity R and kinetic

energy E, over the whole energy range.

For any propagation model, the steeper the negative slope
of the source spectrum, the steeper the positive slope of Td at low
energy. Indeed, low energy source particles, having a small range, have
a low probability of interaction. Therefore, the addition of a large
number of low energy primaries will scarcely affect the number of

secondaries and strongly decrease the ratio of secondaries to primaries.

The criterium of fitting the very steep experimental slope

of Td between 20 and 50 MeV/nuc. allows a rejection of a total energy

source spectrum (exponent -2.5), which, for all the propagation models

considered, gives for Fd a spectrum roughly flat down to a few MeV.
An extremely steep source spectrum, at least as steep as a power law

in kinetic energy seems favored. This applies for low energies,

typically up to a few hundred MeV.

Therefore, all the further studies have been made with a
source power law in kinetic energy. In figure 1, we have plotted the

calculated spectra for one typical propagation model.

c. Propagation models:

In figure 3, we have plotted for different propagation

models the calculated spectra of Fd and FHe for a kinetic energy source

10




power spectrum. The mean value of the different path-length distributions

have been chosen in order to get for ['q the measured order of magnitude

at 50 MeV/nuc.

Models with the strong rigidity dependence of the average
vacuum path-length §V o % lead to less steep slopes of I'q at low
energies. 1Indeed, these models allow fewer primaries with medium
energy at the source to reach the earth as low energy primaries. For the

present stage, we cannot draw any conclusion concerning an open or

closed model. High energy data are badly needed.

The model with a unique injection at once (3 g/cm2 for

relativistic particles) does not seem appropriate.

4, Conclusions:

To be stressed is the need of an extremely steep source spectrum

at lower energies, probably steeper than a kinetic energy power law
with an exponent -2.5, in order to fit the modulation independent
deuteron data. A unique shape of the energy spectrum over the whole

energy range may well be an over-simplification.

High energy data are badly needed for more precise study of the

propagation models.

11
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Figure Captions

Figure 1: Measured and calculated I'y and 'y, with a typical
propagation model for a total energy W, a rigidity R,
and a kinetic energy E source power spectrum
(exponent -2.5).

. . 2 3 3 .

Figure 2: Cross sections for H®, H  and He~” producing
reactions involving p and He™ as interacting
particles.

Figure 3: Measured and calculated Fd and ', with a kinetic

energy source power spectrum (exponent -2.5) for
different propagation models.
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CROSS SECTION FOR REACTIONS BETWEEN p AND He*
LEADING TO d,H3 . OR He3

Figure 2




0000l

(ONN/A3W) A9HAN3I DIL3ININ
000" 00l

Yrrrrr—r T ITrrr v r—r T

LALJLIL R B A e | T

| P

(S961) 1048 1730,0 O (9961) 10 40 399VH Vv
(G961) 10 13 SYMSIg © (9961) I 43 Nvd %

(9961) Y3 HONIM 8 NYWHH40H O (L961) I {8 YYMHAYE A

(S31LYVD DILSIAILYI3Y HO4 Ns_u\s.o €) 30NO LV NOILI3NNI :

3NTIVA XV3d'(996I ‘Ip 43 NVANVIWHVYENSYIVE)

(Ad9 ¢ 1v 2WO/ W9 | :Q3ZINVWHON) ¥/I ®
3N7VA X¥3d (996l ‘1o 2 NVANVIWHYHENSYIVE) ‘NVISSNVO

2 WO /WOZ2IZ1X 3NTVA NVIW ‘TVILN3NOIXT :

€ 92an314g

o

o'l

v?H/¢3H ‘Cllvy

0000l

(ONN /7 ABW) A9Y3INI DiL3NIY

000'l 00l Ol

LOLBLEL B S ) T

(rrrrrr T T Irrrrr 1) ¥ —Oo
NO3TONN 7 ASK 8¢S
1V 1D 43 NVd HLIM IN3IW3IIYOV
3AVH OL Q3ZITVWYON NO!1O34H0D
S314vaNO0D3s JI¥3IHJSONLY (b)

N_w .

A0

0’0

o0’l

(L961) b {8 yymHQVE A
(9961) (0 }3 Nvd %
(L961) MHOM SIHL e

I

zWO/Wo g =
‘NviSSnNyo : 89
N_m

(A9 € 1V, WO/W9 9:Q3ZITVIHON )
4/1 21X 3NTIVA NV3W “TVILNINOAXT : O1-¥ g
~ SHL9NITHIVd WNNOVA 40 NOILNGINLSIO

(g2-3) MV HIMOd A9HIN3 DILININ : WANLO3IdS 324Nn0S

»2H/P ‘0Ollvy



